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CA~u~T~ PROPERTIES AND SORfW(3fN BEHAVIOROF VARIOUS MOLECIJLES

James P. Flitchie and Edward M. Kober’

ABsrRKT
We are investqating the relatmnshps between several fundamental molecular properties

and a molecuie”s observed sorp[ion behavror on substrates such as charmal, which often parallel
the rrdeculems boiling point. We show Ihat the boiling points of a large range of molecules can be
predicted from the polanzability, size and dipole moment of the molecules. A more detailed
model of the electrostatic and polarizahon interactions K developed using alom cent~red
multipole expansions (ACME”S) of the electron density d,stnbution of a molecule. which IS
derived from ab inmo ~lculattons. We show that these Interactions are extremety Important
for polar moleculos ancl’or substrates. and lhat they also play a roie for ‘non-polar- molecules

such as balzdne or athylene.

M-ROOUCTK3N
The Pnyslsoqxmn of a mO%JCUlaon a surfaca resutt!t from interWIWUlar fOKXW between !he

two specres. These forces are typcally divided mto the four classes of dlSptHOn. polanzatmn
[induct@n). elactrcstahc and exchange- repulskm. The energms of interactmn that result horn
Ihese forces WINdepend upon the relattve onentatmn of the tv o specwut and fhelr spmxfic
attnbutas. The pokrmabriity and electrostatic propert~s of a ,W IeCUle are Partlcularty
Iim@rtant SHKX fhgy mntributa to the dsperwon. polanzatio” and electrostahc force!! These
Conslnute the attr&cttve intgwactions and WIII determme how i~htly bound a $orbwt WIII be

We are partkularly intereslea m the adsorphon on charcoal. whCh IS &ima~r camponen! of
many !iltemg qyatems. There are a wti varia?y of char~als avadable which differ m Iheir

sourc? material and subsequent treatment. and these exh=’ d ddferent absorption
charmtens[m. In addition. the charcoal surface IS poorty characterized. being very
hete~enmus and Contammg numerous non-carbon ‘W amhes- whb undoubMly D!aY

impCItiJ?Plr(lks In determlnl~ a maferlal”s iJn@e ~~ . f! properties. In order to mimic such

<n Wegulw system. an extremefy ffexble m(?dei wdl bf. mqum3d We are developq such a
m-l ~W u~n a:am cenfer~ polenhals. since !%s allows us 10 construct a modo! surface

alom-byatom We deswbe here our results in det Wopmg Ihls model for the polarlzabllfy arw
electrosiahc Pmperlies of varrous rnc?bcules and V , row of these m the SOrDIKNI process

RESULTS ‘ JD @!SCUSSfCN
We h~e pr~vIo, Isly gh<)wn that ~rption prc~rlIes can ohen be related IO Ihg bOIIIPg WmI

of the sorbenl moleculd 2 Afl ?3kampJeof Ihls IS given m Fgure 1 wh~h shows lhQ rPl$llIOfl ShID



between the capacity of a charcoal bed at a challenge concentration of 680 pprn. Q(680). and the
boiling pmt. 6P (“K), of the challenge molecule. The compounds represented on lhis graph ate
a varietv of fburwhvdrocarbons, and bmh Dolar and ncm-poiar stwaes are present. Because of
such skess~l correlations. we have undertaken an analysm of the boili~ Poirlis of a large
range of organic compounds. In particular, we have attempted to analyze them in terms of
dispersion, polarization and electrostatic mtemctions which muld be simpty retimed to the
polanztiility. dipok moment and size of the molecuba.
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LWpWon. For strktfy non-pofar molecubs. tha only ●ttraulvo intoraPlrn is that of
dlsperwon. The standard fonnulatbn for the intaractton betwaen two atomlr species, gtven by
London. IS shown in eq. 1.3 Here, aa and q are the polarizabifltles of ato ns a and b. r~ m the

(1)
3 a~ab ~::l:;&=3-——

.6
● b

‘4b

dlstanca between tho centora of tho amms, and Ipa and I
9

ara na Iormatmn potemiata of a and b.
TO exiomj this mol.cular syst~ms, a simpJa qpoach w b. 10 rapks tho atomk quantities
with mobcular quantitbs. That is, in pt&x of pa SUM b a~, W pottitility of molecule A.
A mors sophidcatsd ~ IS to do a summation Mr tM pairwba intaradon; between aft
atoms in mobcuta A with thosa ht mobcuta 8. 1 MS raqu!ros tha daflnttbn of atomic
polartzebdities wtthin oac41 mobcufo. though tho If% ara ‘&an as tha mobcular IP’s.

W. havo Wtomptad to csa this squatbn dkactty wbn tha mobwlu pobrizabifity ●nd
dlam.tar. 1 ho I?@OCXJfarpoki:d)iflth ti IOnhtbf pO(SfM91Sara @f8fI h StAXWd
gou~9.4 Ths Mm Mm mo&w!af mnfm ..-as t- as m awr~a dhimetiw d IiIe
mobculo, whkh was datorrninad from tho rnobcuk volurng. Ttils was aithar catcutated from the

density of tho I
“i!!’

td.4 or from tho %an dsr Waals- votumos d tha cmnstltuont functional groups
gtven by Bondi. Thla WI@. miafysis was founa to work quit. wail for tho mono- and dlatomic

gases. MU! evan for CH4 and CF4. However. Iargor mofecubs Iko CMe4 davhto substarwal~
from this a)rralatton.

The failure of CMe4 and other :ergo molacules to flt fhls sImplo axrofatlon illustrate Ihe
need q ~nsider the dlaparsion mteracfkm as a sum of @wfga rhomfc Ierms rather than on
!wnpfy a mofecular baSIS. In particular. w found thal tha boillng point of CMa4 bsmuch nigher
rhan tho simpla mobcular oorrelatkm predicts whkh mckat~ that the d!spamicm Interectlon
must be much greater than practictad. When eq. 1 IS

T
t as ● wmmatbn ovar atomic term,

!ha origin % this is readily apparent Becausa of tho 1/ watghtlng, tf’w atorw ●l lho surfaces
of tho mol. ;ufas. whore confacf ~rs. a ● mapontiblg fW tho major part of fh. mteraclkor
Further. qrNX the distances batwaan lhe?e WJrko atoms ara much srrwlb: thari tho
center to-can!er mowcular digtanco. [he rjisparsion UMeractkm h!lcakulatad to ba much larger



by Itrls approach.
Hawever, lhls rigorous approach of evaluamg the dspersion mterachon IS sornewhal

IediGus to effectively empfoy in this situaocm of bdmg points correlations be~use i? large
number of different intermolecular onentahons should raa!ly be examined to arrive at some

sort of average mtera:hon energy Consequently, we have also explored various empmcal
relationships for non-polar organic molecules (those Wh us 0.5 D). A.mazmgfy. we found a
very smple linear relationship between In(BP) and In(a) as shown m eq 2 which has a

[2) In(BP) = 0.683 In(a) + 4.153

Correlation meffiiient of r .0.973 and a = 0.053. This relationship can be expressed
alternately as shown in eq 3 and a plot of this ts gwen m Fgure 2. The 37 compounds

(3) BP= 63.65 uO-6M

included m this correlation are a rather diverse grouo: strarght-chain alkanes from methane to
dodecane as well several branched and cyclic alkaaes: ample aIkenes (up to C7): benzene.
toluene and the xylenes~ and several perffoum-akanes and akenes. Consmenr.g the great
structural anrerslty of these compounds. this high level of czxrelation based on a single
molecular parameter is quite outstanding. What IS even mwe amazing IS that non-polar
inorganic compounds ranging from He to UF6 also follow a Smdar relationship. though these
were not Included in the present correlation.

From eq. 1. we would expect that the molecular stze and mnization potential should make
some Contrbutbn to tfm boI!ing point. The absence of a contribution from the ~nlzatmn

Potontlal IS not surprising Since it does not vary dramaocalfy for organic compounds (10-12
eW.4 The mduslon of the molecular diameter resulted m the relationship gmren m eq 4 wtth a

(4) m (BP) -0.960 In(a) -0.920 In(d) + 5104

Correlation coefficient of r -0982 and u = 0.G44. Thm represents onfy a shght Improvement
In the qualny of the fit despne the appearance of a Substantial contnbuhon from the In(d) Iarm
ThIScan only -r if In(a) and In(d) are highly correlated. whch they arG. The relatwmsfw
between ISshown grven m sq. 5 (r -0.921. u -0 17) based on the data for 126 organc

(5) In(a) - 3.5I9 WI) -3.693

compounds (both polar and non-polar).

Equatton 5 leads to sevaral m!euw!!lng observations. The first IS NM! the m,oleeular
polarizaMlfy hcreases onfy !Mghtfy faster than the molecular volume (wfuch goes as d3). Th s
means Iha! !he polarlz&nlity of these Co,npaunds ~r un~ volume IS close to ~nstan[. This IS

manttegtad by the fti that the refractive Indices (wfwch are a measure of the polarlzabMy per
volumej of those compourids ch not vary substantially !jmce fhe charcoal SUrface WIII M
predominantly orgamc m nature. this suggests that we probably do not need a hqh level of
sophm!tcalmn !a accurately tiaractenze dkpersmn mteractrons with It. The second mtereshnq
point IS that eqs 5 and 2 can be combmed to give the relationshq3 BP - A rX21C# ~ whdl IS not
far rem@ved from the simple relattonshq ex~~~ from @ 1 of BP - A ~2~@ (where A ,< ~

proimfkmalify ctmstam~. The reduction m the exponenI of d probabty has IO do wlfh the tqct
fhat only the atoms on the surface of the molecule are predommanlfy revolved m the d&persrcm
Intrjractirjn This point WIII probably be made clear by more sopt’hshcated analyses.

These ~rrela!~ns with the MIling point Imply that the energy of the dm,permon mtgracl~>rl
can be slmpiy related to the Polarlzabdlfy of Ihe mokule Therefore. sim~e methods of
calculating mol~ular polanzflbilify b6rX)mG rather Importanf II haS long been IUWwn Ihaf lhQ

molar refr~ttvlfy of a ~mpound (wh~h IS usually determined from me refrachve index of Il”w?



liquid) can be readi$ ~oximated as a sum of atomic refraaivities where an atom”s
retiuiv~ wiu ~ somewhat dependent upon its bonding environment.6 It direafy folbws
from this that the Sphericaffy averaged molecular polarizabiiity should be expressabfe as a sum

of atomic Polartmbdities. [These alomic pohwizabitities would be required to evaluate the
dispersion interaction by a sum of pamvise atornrc terms.) We have analyzed the reported
poiarizabilities of 150 organic compounds by such a scheme to determine the atomic
polarmbility contributions given m Tabb 1. The correlatbn between cakufated and observed
pofarizabilitiess shown m Figure 3 and is quite good (~ = 0.966. u = 0.60). We refer to rhe
values given in the table as atomicpolarizsbilMytxntrbutbns rather than directfy as atomw
polaruabilities because there are high oorretatbns vwthin these values (parlkularty between
the vafues for H and C). TtIis does m?t effect the ability to calculate the molecular polarizability,
however. More sopfmstkated anafyses are required to-refine these as true “atOmiC-
potarizabilities. We note m particular that the ~teractbns betwaen the induced di les on the

9various atoms of !he molecule need to be Included as detailad by ~equtst. et al.

TABLE 1

Polarizabdity Contributions (~3) of Various Functional Groups.

i-f-(c) 0224 c(s#) 1.432
H-(N) 0.494 c(sp3 1.758
H-(O) 0.201 C(sp) 1.584
F 0.498 C(ar) 1.539
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Pohlrfzatkwt. TM bomg pointsof @ar moladas sra ●l htgttar than thay arc pradktad to
be based sofefy on dlsparsion Intoracttons,somo by 88 mud as 300% This cbarfy mcflcates
Ihat the polarizatbn u d electrostatk forces play an important rob In tho K’Wrnolecuiar
mter~mn. TO fudhar CJetinaale thesa eff~. wa approxunato IMU rno+acu&s as ~nsmtlng of

POIn~ dbl~ anfm ;nsti* of pola~- s@Hs. ~. pdartzatbn and afactrostatic anergIes
of mteractbn betwaen two mokcubs can bs expressad as shown m aqs 6 and 7. respamvety

Here. J IS IhO mo~uiar polaru~lify. d IS ItrO ~~r~. mol~mr @am@ter and dlstanca befween

molacu!ar canters. and ~ M [he d~le momont of rho molacub. K and L am gaomomc factom
whkh depand upon Iha relatlve JrIantalion of the dlpolo moments. Thow valuas ars on lho order
of Wry.



s,n,~ we have shown above thal a . k d3. we will be unable 10 dmlmgulsh between me

separale effects cf EPI and Ees because the two values are very mghly correlamc. Therefore r
correlahons with boihng point we WIII use onfy one of these terms. We have selected to use EWI
because this term ;s always present whereas the effect of Ees could be mmlmlzed by rapid
rotations of the rn$ecules and by lnterfere~e effeCts from several ne~hbors. Comblnlng this
with the term ao-b~. whch was detem’hned above as a model for Ihe dispersion forces. we
arrive at the relahonshlp shown m eq 8 and illustrated m Figure 4. This IS based on cla?a for

[8) BP -53.67 aO-682 + 16070a V2 ~c# + 63.05

104 organic compounds, and the owwall fit IS reasonably good ir -0.913. u - 32.6’KI.
The wmpou~ USad m this Correlation. although rafigmg from non-polar to very Polar IU

. 4D). dld not include classes of compounds that strongly hydrogen-bond: alcohols. cartmxy IIC

sods and amides. These ~mpOundS were all found to have sgnlficantly higher bahng pcms
than this model predcts. Our explanationof this IS that the hydrogen bonding mlerachon K not
adequately represented by a dipole m a sphere model. although we show m the next sechon that
!hls mieractton s essentially efectrostaoc m nagure. overall. we find that the boiling point of a
molecule can be reaaonabfy well predicted frcm fis pokmzabilify. swe and dipole moment.

Eledmstaw /nferacfrons. Fcr a more exact descf@Non of the efecfroslahc m!erachons.
we use the techntque of atom cantered multqimfe expansions (AC ME%).8 Fus!. the electron
den!wy dmtrbuhon of a molecule IS cakufated using * ImW met- (Gaussian 82). fYP@fY
at the 3-21 G or 6-31 G level. Thm @sfr@ution m then descrbed in terms of an exparmon of
munipole rnomenls centered on each atom of the rnolecufe. Summahon through the octapole
moments prowdes an accurate porlrayal of Ihls charge distrk~tion at d%tances beyond the
Iypcal van der Waai& radu of fhe component atoms. Contained within ih!s descriptmn IS ihe
base charge distnbu’ion nf the mokcule (IrwfudIng the dipole. quadrapde. etc. moments). the
Iocahon of s-bond and lone paIrs of electrons. and the bcafiorr of postrvely charged sales !hat
may interact with these. This non-homogenelfy of Ihe elecwn Ckmsmfdlstrtwlmn ther, grves
rlsa fo electrostahc mierachons be-r! two molecules.

The power and utility of SIX% a datadad tiscnptmn of the electron distr~uhorr ar.~
=!luslrated wfh three exampfea of the structures of ?he dimers of water. benzane and Ejti, ogen
The three structures shown m Figure 5 are the mmimum enargy amforrners determm=a %olefy
fIom a conwderahon of electrostahc interactions. where the atoms are represented DY ‘firm-
s~eres with the appmpnale van der WaahJ Iadii.5 (A steep exponential repulsnre po!erma! IS
IJsed m pf~ of a true hard sphere so as 10 allow the Optlmlzatron routines to run srmothr~ ) The
structure of the water dirnar

3

ba baslcslfy deaakmd as a hydrogen bcmdbetween the proton of
one water and an oxygen - paw. This calculated ~~metry IS m very good agreement wuh
me observed structure of rho water dimer rn the gas phase 9 Further. the energy of mteracfion
16 9 k(X1/MOl) is m very ~ agreement wnth both the wxfymmen!al heat of assoaatron
14 6-6.9 kcafimol) as wgll ss ths vahm cafculaled from very htgh Ievfd ab Y’Mtmtreatments of
!he water dtmw (4 5-54 Ir&aVmol) ~ Thcs agreement reads because tne dlspersxm.
Polal ~zatmn and exchanga mteractton$ tend 10 cancel each olher out. This duz!rates that the
nydrogen bond is essantmlfy electrost~tic m nature and that rf can be treated acxwratety with !h%
!echwque.

The dtmers of benzene and hydrogen Illustrate that electrostahc mterachons make
-mporfant contnbuttons m deterrmnmg the geomewres of systems that would fyptcally be

cfmcn~ as non-polar (Electrosfahc rntmtctrons must be present m any s~stem conslsnng of
non monoatomtc molecules ) In benzene [as m other tqrdrocarbons!. the hydrogen atoms car!v

a small net posmve chaqe [+0 051 and the carbon atoms exhibd a smaIf negairve charge
I O 05) The Tshape of the benzene dtmer resdt!! from !hs association of the pcwtndy
charg~ hyd~ms Of orm benzera w!tk the negatrve ~system of the crther ~hJ8 max~mlzmg !he
atstance betwetm the two R-systems This gaometry IS ~bsmwed experimentally !or the

gas phase dlmor and ISparfrcularly m!eroslmg because ttle conwderatmn of onry r%spersmn



mtgr~ions WOUld lead tO the pradchon of a san&nch type structure. ‘ 0 The energy of
Interaction ~iatad here (0.84 kc,almolj is again similar to the experimental and other

calculated values. In hydrogen. there is a mncentration of the electron densny between the two
nuctei feaving the ends of the molecules with a ~sitive charge. The T-shape of the ctimer then
results hom the psitive end of one rnulecufe approaching the negative center of anolher. The
energy of mteracmon IS not very great (0.05 kcdmol), but this type of interaction IS observed
for the soIid state structures of several diatomr species.
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This usa of ACME’s to accurately represent ~ intaradons IS relatively
tnaxpanske cornpucationaffy Almough n may requira an hour of Crey oorrwutatmnme IO
generate tha ACME-Sofa molecula the SIZe of baruarts, incfudhg ma SCF cskulstums. the
optimization of ma electnX-atic mteractmn betwoan two ayatama that oontain on ma order of one
hundrad a~s can ba ~iahed in sevar# ~. Furthar. th. ACME.S can be transferred
on art aWnt by atom basis so mat models br macmdscules or surfaces can oe constructed from
the ACMES of ~at. smaller molecules

We are currentfy pursuing this route to devetop a structured modal of the charcoal surface.
As a first order model. we are simply usIng a graphitb piarta. The ACMES for the carbon atoms
am Wwn to be simdar to those of me central cerbons of the pofysoenes napthslene and pyrene
Tho dwgea and d@ob momants of the carbons m the poly~ are small. non-zero quantities
bscausa of the presence of the hydrogan atoms. Thase quantities are set equat to zero for the
camorts in me graphitk plana on the basis of symmetry. (Tham could be some net surface

chafga and dpola n’kxnant normst to the surface, but w hM not attempted to tnclude this 1 The
-S do havo ~~ quti~le momants bacausa ma formation of u and x bonds tends to
Dull tfw elactm clenaNy away fmm tha nude- cantar. OVofail. this Desk surf= WItf interact
onfymiakfy ~sanefectmstatk sanea. Asaprhtltivar nodalkwthapresanw of hetaroatoms. we
-tti~o~moof~~m~~~ti~.=. Thiaiaon thaordaf ofthachsrge
saparmlon mat IS devalopad in potar functlonalitlaasuch aa katonaa or nitrfies.

mO ebcmxtatic enafgiaa of Interactionof wad rnOkCUba WaW calculated wlm :hm
modal and W raau!ta ara summatlzed m T- 2. Tha raaults in column I are Ihe results for the
mler~ wUh ut almcfrUfy rMU&a ~rbon p!- The arM@SS MS non-zarc tili~ that

carbon ●toms do havs ● net quadrapda moment as mentbnad sbovo. but the nel mleractions are
rathar WMfl. Th. rgaufts in cotumn II are obtsinad whan a +0.25 charga ISplti On one of the
~ atoms. and the raaufts in oolumn Iii am for ● -0.25 charga baing placad on one of tho
carbon atoms. The in?eracttort energies with tha polar rnoloculaa C2HF and H20 aro rather

Lsubstantial (2-4 Icat/mol) as would b expectad. what is mm rnterest IS that the
mt~~ energias with ?h. “non-polar C2H4 and C F U@ dso ~SCISMO (O5-1 7

2%kcaUmol).Theintmctionwtth ti2 ht qurte small (O 2 ca mol). bul this is much greater than
t no chargaa ●m present.

W. ●mphaalzo that these results onty Irwfuda pure elactrostatk interactions To mciude
first

‘%?
potuizwon effacts, WI@WICOthe polarizabiltty of tho carbons m fho plane to be that

of an carbon as given in Tabla 1 Both tho rsne~ raqJhsd 10 pofartzo tm carbon piane
bOtXISa Of m. pr’OSonCa of Ih. elaclrostatic tild of ma adaorbato mobcula. and the energy of
intar~ behvaeri this inda polarization Fdfd uf tho ptano and mO electroslalbc fiekl of the

adsofbat. mcdacula are Included However. the poitv’tzadonof tho adsorbatei by e{lher the



Induced field of the surface or by charges embedd~ m the surface was nol mcludec. The energtes
of interaction with this polanzable and electrically neurral carbon plane are gwen m column IV.
and ttiese values should be compared wnh the resulIs for the non-polanzable. neulral plane m
column I. Again. substantial energies are found to result for the polar molecules with smaller.
but non-zero. values resulting for the ‘non-polar sprees.

Calculated Imeraction Energies tin kdmml) of Various Molecules with a Carbon su~ace

Sorbate I II Ill Iv
H2 -0.(!1 -0.14 -0.20 -0.01
C2H4 -0.13 -1.24 -045 -0.23
C2F4 -0.08 -0.56 -1.70 -0.44
C2HF3 0.38 -1 60 -2.22 -1.78
H@ -0.87 -3.96 -3.78 -665

We have demonstrated the separate roles of disperson and of Polarlzahorvetectrosiahc
mterachons m deterrmnmg the bmhng pmnts of a wde variety of orgamc compounds. By
inference, ihn? also cfernonstrales therr Imcmftance m sofphon behawor. The presence of
charged Impurmes m a surf- was shown to greatfy enhance the bmdmg of po!ar molecules tG
It. and io somewhat enhance the binding of non-polar speoes as well. Even m the absence of
charge centers. ihe polanzabddy of the surface WIII enhance the binding of polar mobecules
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